Two distinct bacterial and eukaryotic serine racemases (SRs) have been identified based on phylogenetic and biochemical characteristics. Although some reports have suggested that marine heterotrophic bacteria have the potential to produce D-serine, the gene encoding bacterial SRs is not found in those bacterial genomes. In this study, using in-depth genomic analysis, we found that eukaryotic SR homologues were distributed widely in various bacterial genomes. Additionally, we selected a eukaryotic SR homologue from a marine heterotrophic bacterium, Roseobacter litoralis Och 149 (RiSR), and constructed an RiSR gene expression system in Escherichia coli for studying the properties of the enzyme. Among the tested amino acids, the recombinant RiSR exhibited both racemization and dehydration activities only towards serine, similar to many eukaryotic SRs. Mg 2+ and MgATP enhanced both activities of RiSR, whereas EDTA abolished these enzymatic activities. The enzymatic properties and domain structure of RiSR were similar to those of eukaryotic SRs, particularly mammalian SRs. However, RiSR showed lower catalytic efficiency for L-serine dehydration (k cat /K m 50.094 min 21 mM
INTRODUCTION
In the last two decades, the function of D-serine in eukaryotes has attracted considerable scientific interest (Hashimoto et al., 1992) . In the mammalian brain, D-serine serves as an intrinsic co-agonist of N-methyl-D-aspartate (NMDA) receptors and modulates higher-order brain functions (Baumgart & Rodríguez-Crespo, 2008; Billard, 2012) . Patients suffering from schizophrenia, neurodegenerative disorders and amyotrophic lateral sclerosis tend to have anomalous D-serine levels in the brain (Sasabe et al., 2007) . D-serine also plays an important role in plants as an effective agonist of the glutamate receptor, a protein that is structurally similar to the NMDA receptor, which functions to control the growth of pollen tubes (Michard et al., 2011) . D-serine has been shown to be present at high levels in the rat brain (23 % of total serine; % D5100|[D/(D+L)]; Hashimoto et al., 1992) and human urine (18-74 % of total serine; Huang et al., 1998) . Moreover, in terrestrial environments, D-serine is present as dissolved organic matter in soils (3-7 % of total serine; Pollock et al., 1977) , rivers (5-10 % of total serine; Dittmar et al., 2001) , and lakes (4 % of total serine; Kawasaki & Benner, 2006) . Interestingly, in marine environments, higher concentrations of D-serine (20-30 % of total serine) have been detected in dissolved organic matter (McCarthy et al., 1998; Kawasaki & Benner, 2006; Kaiser & Benner, 2008; Dittmar et al., 2001 ). However, the major sources of D-serine in the marine environment have not been clarified. Although some reports have suggested that marine heterotrophic bacteria belonging to Alphaproteobacteria and Bacteroidetes (Kaiser & Benner, 2008; Lomstein et al., 2006; Lomstein & Jørgensen, 2001 ) have the potential to produce D-serine, the biosynthetic pathway and physiological functions of D-serine in these bacteria have not been elucidated.
Because of the biological importance of D-serine, its biosynthesis has been extensively studied. D-serine is synthesized from L-serine by serine racemases (SRs), which belong to a group of pyridoxal 59-phosphate (PLP)-dependent enzymes (Grishin et al., 1995; Yoshimura & Esak, 2003; Yoshimura & Goto, 2008) . Currently, many genes encoding eukaryotic SRs in humans (De Miranda et al., 2000; Hoffman et al., 2009) , mice (Foltyn et al., 2005; Strísovský et al., 2005) , plants (Fujitani et al., 2006 (Fujitani et al., , 2007 Gogami et al., 2010) , slime moulds (Ito et al., 2012) and fission yeasts (Goto et al., 2009 ) have been cloned, and the enzymatic properties of these proteins have been characterized.
Prokaryotes also possess SRs (Yoshimura & Esak, 2003; Yoshimura & Goto, 2008) . However, our knowledge of these prokaryotic SRs is extremely limited. For example, the production of D-serine from L-serine is known to be catalysed by an alanine racemase from vancomycin-resistant Enterococcus gallinarum BM4174 (Arias et al., 1999) and a broad-specificity amino acid racemase (BSR) from Pseudomonas putida (Asano & Endo, 1988) .
Roseobacter litoralis Och 149 is a typical marine heterotroph (Buchan et al., 2005) that has been reported to produce D-serine (Kaiser & Benner, 2008) . Because our research group is interested in characterizing the physiological relevance of D-amino acids, particularly D-serine, in the marine environment, we searched for homologous sequences of bacterial SRs in the genome of R. litoralis Och 149, for which the complete genome sequence has been published (accession no. CP002623). Although we did not find a bacterial SR in this genome database, we did find a gene annotated as a putative SR without any biochemical evidence in the genome database and noted that several sequences were annotated as putative SRs in various bacterial genomes.
In this study, we describe the extensive genomic analysis of several SRs in bacterial genomes and the identification of a wide distribution of eukaryotic SR homologues among various bacteria. Furthermore, we describe the preparation of a recombinant eukaryotic SR homologue of R. litoralis Och 149 and characterization of this recombinant enzyme.
METHODS
Materials. PLP, IPTG, D-and L-serine and other amino acids were obtained from Wako Pure Chemical. ATP was purchased from SigmaAldrich. His-Bind metal-chelating resin was purchased from GE Healthcare. All other chemicals were of the highest commercial grade.
In silico screening and phylogenetic analysis of eukaryotic SRs. The distribution of homologous genes of known SRs in bacterial genomes was analysed by BLAST similarity analysis. In this analysis, we constructed a complete genome dataset from 1259 bacterial strains, whose sequences were obtained from GenBank (http://ftp.ncbi.nih. gov/genbank).
The fold-type II group of PLP enzymes consisted of eukaryotic SR, serine/threonine dehydratase, and L-threo-3-hydroxyaspartate dehydratases (THADH); in contrast, bacterial SR belonged to the fold-type III group (Table S1 , available in the online Supplementary Material) (Grishin et al., 1995) , suggesting that these enzymes may have completely different evolutionary origins. In this analysis, six amino acid sequences of SRs with known functions were selected as query sequences: one bacterial SR (UniProt accession no. Q9|3P3, Enterococcus gallinarum; Arias et al., 1999) , one BSR (Q88GF8, P. putida; Asano & Endo, 1988) and four eukaryotic SRs (Q9GZT4, Homo sapiens; Q2PGG3, Arabidopsis thaliana; Q54HH2, Dictyostelium discoideum; and O59791, Schizosaccharomyces pombe; De Miranda et al., 2000; Hoffman et al., 2009; Fujitani et al., 2006; Ito et al., 2012; Goto et al., 2009 ). In addition, we used two sequences of THADH (A4F2N8, Pseudomonas sp. T62; P36007, Saccharomyces cerevisiae S288c; Murakami et al., 2009; Wada et al., 2003) , which has a close phylogenetic relationship with eukaryotic SR but lacks SR activity. In this analysis, we hypothesized that gene products sharing more than 60 % similarity with THADH would lack SR activity. These sequences were excluded from putative eukaryotic SR homologues.
A multiple alignment of the amino acid sequences was constructed with CLUSTAL W 2.1 (Larkin et al., 2007) using the sequences described above and putative eukaryotic SR sequences, including that of R. litoralis Och 149 (RiSR, F7ZG00). Phylogenetic trees were reconstructed with the neighbour-joining method (Saitou & Nei, 1987) using the amino acid sequences shown in the figures.
Cloning and expression of RiSR. R. litoralis Och 149 (NBRC15278 T ) was obtained from NBRC and cultivated aerobically with shaking in Marine Broth 2216 (Becton Dickinson) at 30 uC for 48 h. The genomic DNA of R. litoralis Och 149 was obtained using a Qiagen DNeasy Tissue kit (Qiagen) and was applied as a template to amplify the target gene. The putative SR gene sequence of R. litoralis was obtained from a bacterial genome database (NCBI Gene ID: 10949928) and amplified by LA Taq DNA polymerase (TaKaRa Bio) using the following primer set: RiSR-F, 59-CGGGATCCATGTTGG-ATTCCATGA-39 and RiSR-R, 59-CCCAAGCTTTCAGCCCAAG-GTCC-39, where underlines indicate additional Bam HI and Hind III restriction sites. The PCR-amplified product was digested with Bam HI and Hind III, followed by ligation with pRSET A vector (Novagen) and introduction into Escherichia coli JM109 cells (Invitrogen). The nucleotide sequence was confirmed using a BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) and Genetic Analyzer (3130xL; Applied Biosystems). pRiSR was transformed into E. coli BL21(DE3) cells.
Expression and purification of RiSR. E. coli BL21 (pRiSR) was grown aerobically with shaking at 37 uC for 15 h in Luria-Bertani (LB) medium containing 100 mg l 21 ampicillin. Expression was induced by adding 0.25 mM IPTG during the mid-exponential growth phase, and the cells were harvested after another 15 h incubation at 25 uC. The cells were resuspended in binding buffer (20 mM Tris/HCl buffer [pH 8.0] containing 500 mM NaCl, 20 mM PLP and 20 mM imidazole), disrupted by sonication and centrifuged at 15 000 g for 30 min at 4 uC. The supernatant was applied to an Ni 2+ -affinity column that had been pre-equilibrated with binding buffer. The column was washed using the binding buffer and RiSR was eluted with elution buffer (20 mM Tris/HCl buffer [pH 8.0] containing 500 mM NaCl, 20 mM PLP and 500 mM imidazole). The eluted protein solution was dialysed against 20 mM Tris/HCl buffer (pH 8.0) containing 20 mM PLP and 1 mM DTT; however, racemization activity was not observed. Accordingly, we tested several dialysis buffer systems and found that addition of 5 % glycerol to the dialysis buffer was necessary to obtain enzyme activity. The purified protein was stored at 230 uC until use.
Protein assay. The protein quantity was determined using a DC Protein Assay kit (Bio-Rad) according to the manufacturer's instructions. BSA was used as a standard.
SR assay. SR activity was assayed by measuring the amount of each antipodal serine formed from D-or L-serine. The enantioselective determination of serine was performed on an HPLC system (Shimadzu Corporation) after serine was derivatized to a fluorescent diastereomer. The excitation and emission wavelengths for fluorescent detection were 350 and 450 nm, respectively, and the data were processed using a Shimadzu fluorimeter (RF-20Axs). The reaction was carried out at 30 uC for 30 min in a reaction mixture (50 ml) containing 50 mM Tris/HCl buffer (pH 8.0), 20 mM PLP 50 mM Dor L-serine and 7.2 mM RiSR. The reaction was stopped by heating at 96 uC for 5 min and the mixture was centrifuged at 10 000 g for 15 min at 4 uC. The supernatant was diluted as appropriate, and 10 ml aliquots were mixed with 10 ml of 0.1 N HCl and 80 ml of 0.2 M borate-NaOH buffer (pH 10) containing 1.75 mg ml 21 N-isobutyryl-L-cysteine and 1.25 mg ml 21 o-phthalaldehyde. The mixture was then injected into the RP-HPLC column (YMC-pack Pro C18 4.6 mm i.d.|250 mm). Gradient elution was applied using the following eluents: A, 10 mM sodium-borate/10 mM sodium-phosphate buffer (pH 8.2); B, 40 % methanol/40 % acetonitrile/10 % water. The gradient program was as follows: 15 % B for 11 min; 15 % to 60 % B for 12 min; 60 % B for 3 min; 60 % to 15 % B for 2 min; 15 % B for 7 min. The derivatized pure L-and D-serine were used as calibration standards. In all cases, each data point represented the mean of three independent determinations.
Serine dehydratase assay. The serine dehydratase activity was assayed based on the oxidation of NADH coupled with lactate dehydrogenase (LDH), as described by Ito et al. (2007) . The reaction mixture (50 ml) contained 50 mM Tris/HCl buffer (pH 8.0), 20 mM PLP, 50 mM D-or L-serine, 0.3 mM NADH, 10 U rabbit muscle LDH (Oriental Yeast) and 10 mM RiSR. The reaction was performed at 30 uC for 3 min, and NADH oxidation was measured spectrophotometrically using a multidetection microplate reader (340 nm; Power Scan HT; Biotek Instruments). Serine dehydratase activity was also measured by determining the quantity of alpha-keto acid produced using the 3-methyl-2-benzothiazolinone hydrazone (MBTH) method (Soda, 1967) . The reaction mixture (50 ml) was the same as that used in the serine racemization assay described above. The reaction was performed at 30 uC for 30 min and was stopped by heating at 96 uC for 5 min. After centrifugation at 10 000 g for 15 min at 4 uC, 20 ml of the supernatant was mixed with 10 ml of 1 M sodium acetate (pH 5.0) and 10 ml of 0.05 % MBTH. The mixture was incubated at 50 uC for 30 min and the absorbance was measured at 320 nm. In all cases, each data point represents the mean of three independent determinations.
Effects of metal ions and chemicals on enzyme activity. To determine the effects of metal ions, MgATP and EDTA on L-serine racemization and dehydration, tests were performed at 30 uC for 30 min using the following reaction mixtures: 50 mM Tris/HCl buffer (pH 8.0), 50 mM L-serine, 20 mM PLP and various additives, i.e. 1 mM MgCl 2 , 1 mM CaCl 2 , 1 mM ZnCl 2 , 1 mM FeCl 2 , 1 mM FeCl 3 , 20 mM NaCl, 20 mM KCl, 1 mM EDTA or 1 mM MgATP. Serine racemization was determined by HPLC and dehydratase activity was determined using the MBTH method.
Substrate specificity. Substrate specificity was measured in serine racemization and dehydratase activity assays with the reaction mixtures described above, except that serine was replaced with different amino acids, i.e. D-or L-alanine, D-or L-aspartate, D-or L-threonine and DL-threo-3-hydroxyaspartate. Serine racemization was determined by HPLC, and dehydratase activity was determined using the MBTH method.
Kinetic analysis. In SR assays, 10 mM RiSR was reacted with 5, 10, 20, 50, 80, 100 or 150 mM substrate at 30 uC for 2 min. Serine dehydration was carried out using the LDH-coupling method. The reaction mixture contained 50 mM Tris/HCl buffer (pH 8.0); 20 mM PLP; 0.3 mM NADH; 1 mM MgATP; 5, 7, 10, 20, 50, 70 , 100 or 200 mM substrate; 10 U LDH; and 10 mM RiSR and was incubated for 3 min at 30 uC. The kinetic parameters were determined using Lineweaver-Burk plots.
RESULTS AND DISCUSSION
Diversity of SR sequences in bacterial genomes Kaiser & Benner (2008) detected D-serine in pure cultures of R. litoralis Och 149, and we detected D-serine in cultivated cells of this same strain at the early stationary phase (Fig. S1 ). However, in the genome database of R. litoralis, we could not identify any bacterial SR homologues. However, we did identify RiSR (accession number: F7ZG00), which was annotated as a putative SR without any biochemical evidence in the database. Furthermore, we noted several sequences homologous to RiSR that were annotated as putative SRs in the genome databases of Burkholderia pseudomallei (U5UT32, 41 % shared identity), E. coli (A0A073VP16, 42 % shared identity), Pseudomonas aeruginosa (U5R3F9, 42 % shared identity), Haliscomenobacter hydrossis (F4KZS0, 52 % shared identity) and Thermus thermophilus (F6DHU, 39 % shared identity).
Therefore, we examined the distribution of SR homologues in bacterial genomes using extensive similarity analysis. In this analysis, we used six amino acid sequences of known bacterial and eukaryotic SRs as the query sequences. We hypothesized that amino acid sequences with high similarity (60-85 % and w85 % shared similarity) to the subject sequences would have a similar enzymatic function. The distribution of SR homologues in bacterial genomes is summarized in Fig. 1 (detailed data are shown in Fig. S2 ). Bacterial SR homologues were found in the genomes of Firmicutes, Betaproteobacteria and Gammaproteobacteria (Fig. 1a) . No bacterial SRs were found in other bacterial genomes in this analysis. The paucity of bacterial SRs among bacterial genomes suggested that bacterial SRs may exhibit sequence diversity among different bacterial groups. In contrast, eukaryotic SR homologues were found in various bacterial genomes, including Alphaproteobacteria and Bacteroidetes, which have the potential to produce D-serine (Fig. 1b) (Kaiser & Benner, 2008; Lomstein et al., 2006; Lomstein & Jørgensen, 2001 ).
Eukaryotic SRs showed high similarity to other fold-type II PLP enzymes, serine/threonine dehydratase and THADH (Table S1 ) (Grishin et al., 1995) . Thus, we performed a phylogenetic analysis of fold-type II PLP enzymes, including the eukaryotic SR homologues obtained from bacterial genome databases. The sequences from Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Bacteroidetes, Chlorobi and Planctomycetes are shown in Fig. 1(b) and were phylogenetically classified as the eukaryotic SR group (Fig. 2) . The sequences annotated as putative SRs in R. litoralis (RiSR, F7ZG00) and H. hydrossis (F4KZS0) were also classified into the eukaryotic SR group. On the other hand, the sequences from Firmicutes, DeinococcusThermus, Thermotoga, Synergistetes and Dictyoglomi, as shown in Fig. 1(b) , and the remaining sequences previously The numbers on the boxes indicate the amino acid sequences used in the similarity analysis: 1, Enterococcus SR (Q9X3P3); 2, Pseudomonas BSR (Q88GF8); 3, human SR (Q9GZT4); 4, Arabidopsis SR (Q2PGG3); 5, Dictyostelium SR (Q54HH2); 6, Schizosaccharomyces SR (O59791); 7, Pseudomonas THADH (A4F2N8); 8, Saccharomyces THADH (P36007). The light grey, dark grey and black boxes indicate ,60 %, 60-85 % and .85 % shared similarity, respectively, with each of the subject sequences. The white boxes shared no similarity with the subject sequences. More information is presented in Fig. S2 .
T. Kubota and others
annotated as putative SRs from B. pseudomallei (U5UT32), E. coli (A0A073VP16), P. aeruginosa (U5R3F9) and T. thermophilus (F6DHU4) were located between the THADH and serine/threonine dehydratase groups (Fig. 2) . Similar results were obtained when we performed the extension phylogenetic analysis using up to 140 sequences obtained from genome databases. These results suggest that several bacterial sequences showing high similarity with eukaryotic SR (and annotated as putative SRs in the genome database) could be differentiated from the eukaryotic SR group. In this study, we used the sequences from Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Bacteroidetes, Chlorobi and Planctomycetes, as shown in Fig. 1(b) , as the eukaryotic SR homologues.
Next we performed phylogenetic analysis of eukaryotic SRs, drawing upon sequences from completed bacterial genomes. As shown in Fig. S3 , eukaryotic SR homologues are related to those of animals, plants, slime moulds and fungi. These homologues were phylogenetically distinct from SRs of eukaryotes but contained a serine racemase domain (PLN02970 in the NCBI CDD; Fig. 3 ).
In eukaryotic SRs, Lys-59 and Ser-84 (given numbers are for the amino acid residues of RiSR) serve as the catalytic residue for the abstraction-addition of the a-hydrogen of L-and D-serine, respectively (Goto et al., 2009; Smith et al., 2010) . These amino acid residues are conserved in the eukaryotic SR homologues found in bacteria. Arg-135, a key amino acid residue involved in substrate recognition in eukaryotic SRs (Goto et al., 2009; Smith et al., 2010) , is also conserved in eukaryotic SR homologues in bacteria. Ser-84 and Arg-135 were not found in serine/ threonine dehydratases (Fig. 3) . Other amino acid residues
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(residues 83-87, 185-189 and 238) involved in the enzymatic functions of eukaryotic SRs were highly conserved in the bacterial sequences. These results suggested that the eukaryotic SR homologues identified in our genomic analysis could have potential L-serine racemization activity.
Cloning and expression of RiSR
In order to examine the enzymatic properties of eukaryotic SR homologues, we constructed an RiSR gene expression system in E. coli. The purified recombinant RiSR exhibited both serine racemization and dehydration activities and migrated as a single protein band on SDS polyacrylamide gels, with a molecular mass of 35 kDa (Fig. 4a) . The absorption maximum was observed at 410 nm (Fig. 4b , solid line), and the absorbance peak was shifted from 2420 to 2330 nm by reduction with NaBH 4 (Fig. 4b , dotted line). These results suggested that RiSR contains PLP as a coenzyme (Karpeisky & Dixon, 1986 ).
Effects of metal ions and chemicals on RiSR
Next, the effects of metal ions and chemicals on RiSR activity were examined (Fig. 5) . The dehydration and racemization activities were enhanced two-and sixfold, respectively, by the addition of 1 mM Mg 2+ and 1 mM Ca 2+ . The effects of 1 mM MgATP on dehydration and racemization activities were enhanced three-and 13-fold, respectively. Addition of 1 mM EDTA abolished both dehydration and racemization activities. These results were consistent with a previous study showing that the activities of mammalian SRs are enhanced by Mg 2+ , MgATP and other divalent cations and inhibited completely by EDTA (De Miranda et al., 2002) .
The amino acid residues involved in the MgATP-binding site, which sandwiches the adenine ring of ATP (Goto et al., 2009) , were well conserved in RiSR (Ala117 and Arg279), similar to fungal and mammalian SRs (Fig. 3) . In addition, Na + and K + (20 mM) stimulated RiSR racemization activity, but did not affect dehydration activity, similar to the effects of these cations on the mouse SR (Ito et al., 2012) . Taken together, our data suggested that the effects of metal ions and chemicals on RiSR activities and the specific conserved amino acid residues involved in MgATP binding were similar to those of eukaryotic SRs, particularly mammalian SRs.
Substrate specificity of RiSR
Next, we examined the substrate specificity of the racemization and dehydration activities of RiSR using seven amino acids: D-, L-alanine, D-, L-aspartate, D-, L-threonine and DL-threo-3-hydroxyaspartate. RiSR did not exhibit any activity for the above amino acids. Bacterial amino acid racemases often catalyse the racemization of various amino acids without strict specificity (Asano & Endo, 1988; Arias et al., 1999) . However, in this study, RiSR showed strict substrate specificity for serine, similar to eukaryotic SRs.
Catalytic efficiencies of the serine racemization and dehydration activities of RiSR
The k cat /K m values of the racemization activity of RiSR were 3.14 + 0. , respectively (Table 1 ). The ratio of the catalytic efficiency for D-/L-serine racemization of RiSR was 0.95 and that of the dehydration activity was 1.01 (Table 2) . Therefore, these data showed that RiSR used L-and D-serine for both reactions, without preference. Table S2 ). Consequently, the ratio of the catalytic Table S2 .
efficiency of RiSR for L-serine racemization/dehydration was 34.4, which was 1-2 orders higher than those of eukaryotic SRs (0.4-8; Table 2 ). These results suggest that RiSR catalysed serine racemization rather than dehydration. Foltyn et al. (2005) reported that the serine dehydration-deficient mutant (Gln155Asp) of mouse SR exhibits enhanced D-serine synthesis compared with that of wild-type SR. Therefore, D-serine production may depend on the proportion of serine dehydration activity relative to that of racemization activity. In the case of RiSR, the low level of serine dehydration activity could be advantageous for the production/accumulation of D-serine.
Summary and perspectives
In this study, we identified a gene encoding a eukaryotic SR homologue in the genome of R. litoralis Och 149 and found unprecedented diversity of its homologues in various bacterial genomes: Alphaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, Bacteroidetes, Chlorobi and Planctomycetes. By phylogenetic analysis, we found that these sequences formed a unique cluster of eukaryotic SRs. The enzymatic properties of the recombinant RiSR were similar to those of eukaryotic SRs, particularly mammalian SRs.
D-serine is found frequently in the bacterial cell wall, lipopeptides and siderophores and can also exist as a free molecule (Morikawa et al., 1993; Demange et al., 1990; Bernardini et al., 1996; Kaiser & Benner, 2008) . In marine environments, D-serine has been detected in dissolved organic matter (McCarthy et al., 1998; Kawasaki & Benner, 2006; Dittmar et al., 2001; Kaiser & Benner, 2008 (Kaiser & Benner, 2008) , have the potential to produce D-serine. In our study, D-serine was detected in the cultivated cells of R. litoralis Och 149 (Fig. S1 ), but not detected in culture media. The production of D-serine in R. litoralis cells was unstable, and D-serine inhibited the growth of R. litoralis Och 149 (our unpublished data). Therefore, the mechanisms controlling D-serine metabolism and the physiological role of D-serine production in this strain are still unknown. The Roseobacter clade includes many dominant marine bacteria, accounting for more than 20 % of coastal bacterioplankton communities and 15 % of mixed-layer ocean bacterioplankton communities (Buchan et al., 2005) . Further studies are needed to determine the biosynthetic mechanisms and physiological role of D-serine, produced by Roseobacter enzymes, in marine micro-organisms. ] ratio obtained for each enzyme is displayed in Table S2 . DThe ratio obtained as the V max /K m value. T. Kubota and others
